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In the race towards high-performance ultra-scaled devices, two-dimensional materials offer an al-
ternative paradigm thanks to their atomic thickness suppressing short-channel effects. It is thus
urgent to study the most promising candidates in realistic configurations, and here we present
detailed multiscale simulations of field-effect transistors based on arsenene and antimonene mono-
layers as channels. The accuracy of first-principles approaches in describing electronic properties is
combined with the efficiency of tight-binding Hamiltonians based on maximally-localised Wannier
functions to compute the transport properties of the devices. These simulations provide for the first
time estimates on the upper limits for the electron and hole mobilities in the Takagi’s approxima-
tion, including spin-orbit and multi-valley effects, and demonstrate that ultra-scaled devices in the
sub-10 nm scale show a performance that is compliant with industry requirements.
Introduction
In the past decades the exponential increase in com-
puting power predicted by Moore’s law has been enabled
by scaling complementary metal-oxide-semiconductor
(CMOS) silicon-based devices, i.e., reducing their size
and limiting at the same time their power dissipation,
while increasing the operating frequency. With tran-
sistor dimensions going below 10 nm, fundamental lim-
itations are emerging both in terms of manufacturing
costs and device performance. To sustain Moore’s law, a
paradigm shift either in device architecture or in materi-
als is needed.
In this respect, using 2D systems as conduction chan-
nels is definitely one of the most exciting opportunities[1].
Indeed, their ultimate thinness can reduce short-channel
effects, one of the main detrimental factors for devices at
ultrashort lengths. For this reason, starting with the ex-
perimental realisation of graphene[2], single-layer mate-
rials have gained considerable attention for a large num-
ber of different applications. Several studies, in partic-
ular, have targeted graphene as a component of novel
devices, motivated by its exciting electronic, mechanical
and thermal properties, such as its extremely high mobil-
ity [3]. Despite its appeal, graphene has regrettably no
gap. Therefore, it is not suited for electronic applications
such as field-effect transistors (FETs), where a semicon-
ductor material with a finite gap is required for device
switching. The first suitable candidate, the transition-
metal dichalcogenide (TMDC) MoS2,[4] has been shown
to be an interesting transistor material, even if its mo-
bility is much lower than that of graphene[5]. The list of
relevant two-dimensional systems has then been enriched
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by other TMDCs [6] and by many other layered materi-
als, such as black phosphorus and its monolayer form
phosphorene, that is promising for its high mobility[7–
12].
In light of the current pace at which 2D materials are
being identified, we cannot expect that each new candi-
date is grown experimentally with high quality and then
devices with various geometries are fabricated, charac-
terised and optimised. Instead, simulations can be used
to efficiently determine and optimise materials properties
and device characteristics and filter only a few systems
to send then to the laboratory. Promising candidates
can be considered, for instance, by looking for materi-
als chemically similar to existing ones. As an example,
two new monolayer materials composed of group–V ele-
ments (in analogy with phosphorene) have been recently
theoretically investigated: arsenene and antimonene,[13–
16] made of As and Sb, respectively. The authors have
put forward the hypothesis that they could be attractive
for device applications. While this suggestion is reason-
able, only an accurate simulation of a complete device
can support this hypothesis and will further stimulate
experimental interest[17] in these novel 2D materials.
This task is not straightforward, however, because the
simulation of a device requires a preliminary characteri-
sation of the material. While properties and parameters
are available in the literature for well-studied systems
(such as bulk Si or III-V semiconductors), in the case
of new materials they are typically not available, nor
they can be easily extracted from known systems; they
must instead be calculated from first principles. This
can be true even in simple cases: for instance, despite
their chemical similarity, arsenene and antimonene dis-
play very different electronic and mechanical properties
with respect to phosphorene, as they originate from dif-
ferent allotropes and have thus a completely different
crystal structure. On the other hand, performing a full
device simulation directly from first principles is compu-
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2tationally out of reach. Device simulators based on effec-
tive tight-binding Hamiltonians [18, 19] are viable, but
require the knowledge of on-site and hopping energies,
and a few different methods have been proposed in the
literature to address the issue of bridging the different
simulation scales [20, 21].
Here, we adopt a multiscale approach based on max-
imally localised Wannier functions (MLWF) [22], while
providing a physical understanding of the transport prop-
erties of monolayer As and Sb. Basic electronic prop-
erties are calculated from first principles using density-
functional theory (DFT). The electronic wavefunctions
are then used as input to obtain MLWF in a multiscale
approach, providing us with an effective tight-binding
Hamiltonian for the relevant electronic bands around the
fundamental gap, and retaining at the same time full
first-principles accuracy in the results.[23, 24] MLWF are
used to characterise the material (e.g., effective masses)
by exploiting the efficient band interpolation, and as a
localised tight-binding basis set to simulate the currents
in a complete device with a non-equilibrium Green func-
tion (NEGF) formalism [25]. In particular, we consider
double-gate metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs) based on arsenene and antimonene
channels and compare their performance against Indus-
try requirements. We show that such devices have the
potential to achieve the target set by the International
Technology Roadmap for Semiconductors (ITRS) [26] for
future competitive devices for high performance digital
applications, in particular in terms of the capability of be-
having as an outstanding switch even in the ultra-scaled
regime.
Results
Multiscale material characterisation
The first step towards the multiscale simulation of de-
vices based on As and Sb monolayers is the computation
from first principles of their electronic structure. To per-
form this task, we carried out DFT simulations using the
Quantum ESPRESSO[27] suite of codes, efficiently auto-
mated using AiiDA[28] (more details in the Methods sec-
tion). All calculations reported here include spin-orbit
coupling (SOC) effects. In the Supplementary Note 1
we discuss in detail the effect of SOC and compare the
results obtained here with those without SOC.
In Fig. 1a we show the equilibrium crystal struc-
ture of arsenene and antimonene. Differently to phos-
phorene, As and Sb monolayers are not puckered, but
display a buckled structure more similar to silicene or
germanene [29, 30], with two inequivalent atoms inside
the primitive hexagonal unit cell lying on two different
planes. (Note that As and Sb have also been predicted
to exist in a puckered structure, but this phase is en-
ergetically less favourable [13, 14]). The separation d
between the planes reads 1.394 A˚ for As and 1.640 A˚ for
Sb, while the equilibrium lattice constant a is, respec-
tively, 3.601 A˚ and 4.122 A˚. The band structure of both
materials is very similar and in Fig. 1b we show the en-
ergy bands along a high-symmetry path in the Brillouin
zone obtained from DFT (empty circles) in the case of
arsenene (for the bands of antimonene see Supplemen-
tary Figure 1). The DFT band gap is indirect (for both
materials) and equal to 1.48 eV for As and 1.00 eV for
Sb. The maximum of the valence bands is located at
the Γ point and, without SOC, it would be two-fold de-
generate; the inclusion of the SOC splits the degeneracy
(see Fig. 1b and Supplementary Figure 2) and the top-
most valence band becomes non-degenerate, except for
the twofold spin degeneracy. The minimum of the con-
duction bands lies instead along the Γ−M line and gives
rise to six valleys.
Further analyses of the electronic properties of ar-
senene and antimonene have been performed by first
mapping the Bloch eigenstates associated with the bands
around the gap into a set of maximally localised Wan-
nier functions[22]. We focused in particular on the three
top valence bands and three bottom conduction bands
(per spin component). The main orbital contribution to
these bands comes from p-orbitals of the atoms that form
bonding and antibonding combinations around the gap.
By projecting over the p-orbitals of the two atoms in the
primitive cell, the standard localisation procedure leads
to six Wannier functions per spin component, three cen-
tred on one atom and three on the other. In Fig. 1a
we show the spatial profile of the three Wannier func-
tions centred on atoms belonging to the lower plane (the
other three can be obtained simply by spatial inversion
through a mid-bond centre). They clearly have a p-like
character with minor contributions from neighbouring
atoms. From the knowledge of these Wannier functions
it is straightforward to compute the matrix elements of
the Hamiltonian between them.
In such a way, it becomes possible to interpolate ef-
ficiently the Hamiltonian at any arbitrary k−point in
reciprocal space, keeping the same accuracy of the un-
derlying first-principles simulation, but at an extremely
reduced computational cost. In Fig. 1b we show the
Wannier-interpolated energy bands (red solid lines) with
a much denser mesh than the original DFT results
(empty circles) for As monolayer (bands for Sb mono-
layer are shown in Supplementary Figure 1). Exploiting
such interpolation scheme, we also computed the effective
masses for relevant band extrema that crucially affect
carrier mobilities and intraband tunnelling amplitudes.
We both fitted the electronic bands along principal di-
rections and evaluated accurately the density-of-states
(DOS) on an extremely dense grid. The values of the
masses are reported in Table 1 for both materials. In
particular, for the valence band maxima, the SOC splits
3the degeneracy of the two topmost bands at Γ. Since the
magnitude of the splitting is large, for realistic band fill-
ing levels we can limit ourselves to consider only the top-
most valence band, with (isotropic) mass mv. (If SOC
was neglected, we would need instead to consider both
degenerate bands, as discussed in Supplementary Notes
2–5 and Supplementary Figures 2–5.) For the conduction
bands, the isoenergies of the six valleys are oblate with
a larger effective mass mcL in the longitudinal direction
with respect to the transverse effective mass mcT. The
effective DOS mass for each valley mcDOS computed in-
dependently is in agreement with what can be expected
from geometrical arguments, i.e. mcDOS ≈
√
mcLm
c
T.
As a first assessment of the material properties toward
the realisation of a transistor device using arsenene or
antimonene as channel materials, we estimate whether
the ballistic approximation is valid at room-temperature
(T = 300 K) in the ultrascaled sub-10 nm regime that we
investigate in this work. We will limit the analysis only
to the intrinsic scattering with longitudinal acoustic (LA)
phonons. As other scattering mechanisms may be active
in the system, the values that we calculate should be con-
sidered as upper limits to the actual scattering times or,
equivalently, to the carrier mobility. In particular, while
out-of-plane (ZA) phonons may play an important role
in free-standing Dirac materials without planar symme-
try [31, 32], we do not consider them here. While in a
free-standing material scattering with ZA phonons can
be relevant, in our systems the device geometry (pres-
ence of substrate and of top gates) will shift the ZA
phonon modes at finite energy, reducing their impact on
the mobilities.[33]
While accurate values for the electron-phonon scatter-
ing terms can be obtained fully ab-initio [34, 35], an ef-
ficient method to get estimates for the scattering times
and mobilities relies on deformation-potential theory[36]
and Fermi’s golden rule to estimate the scattering times.
An estimate of the 2D mobility can be then obtained
using Takagi’s formula [9, 37, 38]
µ2D =
eh¯3C2D
kBTm∗emDOS(Ei)2
, (1)
where m∗e is the transport effective mass, mDOS the DOS
effective mass (Table 1), kB the Boltzmann constant, T
the temperature, Ei the deformation potential constant,
and C2D the elastic modulus. In our case, we need to
consider this formula in the multi-valley, anisotropic case:
details can be found in Supplementary Notes 3–9 and
described in Supplementary Figures 3–7, as well as the
values of the extracted relevant parameters (deformation
potentials and elastic moduli, reported in Supplementary
Tables 1 and 2, respectively).
We would like to emphasise, however, that this for-
mula, while often adopted in the literature, cannot be
used to obtain a quantitative estimate of the mobility. In-
deed, the formula neglects the coupling with ZA phonons
(which may be important, as already discussed above), as
well as with TA and optical phonons. Moreover, it can-
not fully capture the anisotropy of the electron-phonon
coupling coefficients. A full ab-initio treatment of the
electron-phonon scattering is required, if a quantitative
estimation is needed (see e.g. discussions in Refs. 31 and
39). Nevertheless, we provide here an estimate of what
we will call hereafter Takagi’s mobilities, mainly to allow
to compare As and Sb with other 2D materials already
investigated in the literature within the same level of the-
ory. We have estimated that, in the worst case scenario,
the values of actual mobilities could be reduced up to a
factor of 8 when a full treatment of the electron-phonon
coupling is adopted, including intervalley scattering.
The resulting values of the electron Takagi’s mo-
bility µc and the hole Takagi’s mobility µh are 635
and 1700 cm2V−1s−1, respectively, for As and 630 and
1737 cm2V−1s−1 for Sb.
The values of the electron Takagi’s mobility are quite
promising and comparable with theoretical results for
phosphorene using the same level of theory[9] and even
better than MoS2[40] owing to the smaller deforma-
tion potential. The hole Takagi’s mobility is even
larger, and in particular much larger than the exper-
imentally measured value of the mobility in MoS2 at
room temperature[41] and in other 2D materials, like
e.g. phosphorene[8]. On the other hand, we note that
our predicted values are smaller than those predicted by
simulations at the same level of theory (Takagi’s formula)
for phosphorene[9], owing to the larger elastic modulus
and smaller deformation potential in the zigzag direction.
We also emphasise that in arsenene and antimonene
the SOC effects are negligible for the conduction band.
Instead, µh is significantly enhanced by the SOC, due
to the splitting of the topmost valence band and the re-
sulting changes in the effective masses and deformation
potentials (see Supplementary Tables 1 to 3). In partic-
ular, the inclusion of the SOC increases µh by 25% and
84% in As and Sb, respectively (see Supplementary Table
4).
From these values of the Takagi’s mobilities and the as-
sociated scattering times and carrier velocities reported
in the Supplementary Note 10, we estimate that the mean
free path limited by LA phonons is of the order of tens of
nm. For this reason we assume that, for the dimensions
considered in this work, the use of the ballistic approxi-
mation is justified and sets a higher limit to the perfor-
mance achievable in these devices.
Performance of arsenene and antimonene based
devices
In view of the results of the previous section, we per-
form a full device simulation of field-effect transistors
based on arsenene and antimonene as channel materi-
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FIG. 1. Structure, energy bands, and Wannier func-
tions of As and Sb monolayers: (a) Top and lateral views
of As or Sb monolayers. The blue shaded region represents the
primitive unit cell comprising two inequivalent atoms. The
spatial profile of three maximally-localised Wannier functions
is also reported. Isosurfaces of different colours (red and blue)
correspond to opposite values of the real-valued Wannier func-
tions. (b) Energy bands of arsenene along a high-symmetry
path in the Brillouin zone. Empty circles denote the results
of a direct DFT calculation while red solid lines represent
the Wannier-interpolated bands. Blue circles highlight the
position of the valence band maximum and conduction band
minimum.
als; we will focus in particular on n-type devices since,
as shown in Supplementary Note 10, they show better
performance as compared to p-type FETs. Our aim is
to assess quantitatively whether such devices can comply
with industry requirements for high-performance appli-
cations as needed by the ITRS [26], which sets electri-
cal and geometrical device parameters to keep the pace
with Moore’s Law [42]. The simulated device structure
is shown in Fig. 2. We consider a double-gate transistor
with doped source and drain, SiO2 as gate dielectric, and
gate lengths ranging from 5 to 7 nm. The supply voltage
(VDD) and the oxide thickness (tox) are chosen according
to the device channel length (LG), as specified by ITRS.
Spin-orbit coupling has been taken into account.
TABLE 1. Valence and conduction effective masses of
arsenene and antimonene: Effective masses of the rele-
vant bands of arsenene and antimonene, in units of the elec-
tron mass m0, when SOC effects are included. Symbols are
explained in the main text. Note that mcDOS is the effective
DOS mass for each of the 6 identical conduction band valleys.
As Sb
mcDOS 0.270 0.261
mcL 0.501 0.472
mcT 0.146 0.144
mv 0.128 0.103
FIG. 2. Double-gate n-doped MOSFETs: Schematic
view of the double-gate n-doped MOSFETs studied here,
where the channel is either an As or an Sb monolayer. In
the figure, the doped contacts, the gate and the oxide are
shown, together with the main geometrical parameters of the
device.
Figure 3 shows the transfer characteristics of As- and
Sb-based MOSFETs for the set of parameters listed in
Table 2. For a fair comparison, the gate work function
of all devices has been shifted in order to have the same
off-current IOFF = 0.1 A m
−1 at VGS = VOFF = 0 V, i.e.,
the smallest current driven by the transistor. Both As
and Sb transistors show similar I−V characteristics as a
consequence of their very similar conduction bands [15].
From the I−V characteristics, we can extract the main
figures of merit (FOM) required to assess the device per-
formance, that we summarise in Table 2. In particular,
the subthreshold swing (SS), defined as the inverse slope
of the IDS − VGS curve in semi-logarithmic scale in the
subthreshold regime, provides relevant information re-
garding the sensitiveness of the device to short-channel
effects: the smallest SS achievable in thermionic devices
at room temperature is equal to 60 mV dec−1. [43] For a
gate length of 7 nm, both As and Sb based MOSFETs ex-
hibit excellent SS: 64 mV dec−1 and 60 mV dec−1, respec-
tively. As the channel length gets shorter (LG = 6 and
5 nm), SS increases to 81 mV dec−1 and 106 mV dec−1
for As, and 83 mV dec−1 and 106 mV dec−1 for Sb tran-
sistors, respectively. The reported values of SS for both
materials show very promising performances, maintain-
ing a subthreshold slope of approximately 100 mV dec−1
even for the smallest devices.
Another FOM is the ION, i.e., the largest current
driven by the transistor (for VGS=VDS=VDD.) All our
5FIG. 3. Transfer characteristics of As- and Sb-based
MOSFETs: IDS − VGS curve in (a) linear and (b) semi-
logarithmic scale for Sb (light-blue lines) and As (yellow lines)
transistors with LG = 7 nm, VDS = 0.6 V and tox = 0.5 nm
(circles), LG = 6 nm, VDS = 0.57 V and tox = 0.45 nm
(squares) and LG = 5 nm, VDS = 0.54 V and tox = 0.42 nm
(diamonds).
considered devices comply with ION requirements from
ITRS. It is important to say that in our calculation the
contact resistance has been neglected, and therefore our
results represent an upper limit for the achievable ION.
The intrinsic delay time τ and the dynamic power in-
dicator (DPI) provide instead information regarding the
switching speed and the power consumption of a device,
respectively. The values we obtain comply with ITRS
requirements, even for the shortest gate length. In par-
ticular, DPI and τ are the energy and the time it takes
to switch a CMOS NOT port from the logic 1 to the
logic 0 and viceversa, respectively. In the same Ta-
ble 2, we also show the cut-off frequency fT, i.e., the
frequency for which the current gain of the transistor is
equal to one, which is a relevant parameter for radio-
frequency applications. Both As and Sb MOSFETs ex-
hibit excellent fT compared to ITRS. As compared to
other two-dimensional materials, As and Sb show perfor-
mance comparable to that obtained in black phosphorus
FETs [44, 45].
To get a deeper understanding of the effects limiting
the device performance, we focus in particular on the de-
graded subthreshold swing observed in short-channel de-
vices, which can be attributed to two main phenomena:
large tunnelling currents through the narrow barrier; and
large parasitic capacitance at source/drain-channel junc-
tions, i.e., short channel effects. To elucidate which of
the two effects plays a major role, we consider them sep-
arately for the shortest device: we either neglect quan-
tum phenomena for the current (i.e., tunnelling through
the channel barrier), but not when computing the charge
(i.e., we consider mid-gap tunnelling states when solving
FIG. 4. Short-channel effects on sub-threshold swing:
IDS − VGS curve in (a) linear and (b) semi-logarithmic scale
for As transistors with LG = 5 nm and VDS = 0.54 V. The full
simulation model considering tunnelling both in the current
and the charges is represented by light-blue circles, whereas
suppressed charges in the channel and thermionic currents
only are represented by yellow squares and red diamonds,
respectively.
the electrostatic problem, red line in Fig. 4) or viceversa
(yellow line in Fig. 4). Transfer characteristics with al-
most ideal SS (∼ 60 mV dec−1) are obtained in the first
case, demonstrating that the SS in short-channel devices
is limited by the fact that the channel barrier is almost
transparent for electrons injected from the source reser-
voir, and not by the short-channel effects, as one may ex-
pect for such short channel lengths. This suggests that,
from an engineering point of view, in order to improve
the performance in ultra-scaled devices, efforts have to
be directed in increasing the opacity of the channel bar-
rier. This can be achieved for example exploiting materi-
als with larger longitudinal tunnelling effective masses, or
using uniaxial strain to split the conduction valleys while
selecting bands with larger tunnelling effective mass in
the transport direction.
Performing an investigation along the device parame-
ter space, we have also computed the I − V characteris-
tics for different gate underlap values (defined in Fig. 2),
fixing the distance between source and drain electrodes
(i.e., 7 nm) and changing accordingly the gate length LG
and the underlap region, and the source and drain doping
concentrations (Fig. 5 and Fig. 6, respectively). As it can
be seen from the results reported in Fig. 5, I − V curves
change only marginally when considering different under-
lap values. As a consequence, from a fabrication point
of view, while control of the geometrical parameters for
the gate contacts is required, minor dispersions do not
drastically degrade the device performance. From Fig. 6,
instead, we deduce that the sub-threshold slope improves
6TABLE 2. Performance of arsenene and antimonene n-MOSFETs: Device parameters and calculated figures of merit
of As- and Sb-based n-MOSFETs for different channel lengths. The target FOMs set by ITRS for end-of-the-roadmap are also
indicated [26]. The meaning of each parameter is explained in the main text.
As Sb
LG (nm) 7 6 5 7 6 5
tox (nm) 0.5 0.45 0.42 0.5 0.45 0.42
VDD (V) 0.6 0.57 0.54 0.6 0.57 0.54
SS (mV dec−1) [this work] 64 81 106 60 83 106
ION (A m
−1) [ITRS] ≥ 2.19× 10
3 ≥ 2.31× 103 ≥ 2.41× 103 ≥ 2.19× 103 ≥ 2.31× 103 ≥ 2.41× 103
[this work] 6.57× 103 4.9× 103 3.2× 103 6.91× 103 4.93× 103 2.98× 103
τ (ps)
[ITRS] ≤ 0.125 ≤ 0.1 ≤ 0.08 ≤ 0.125 ≤ 0.1 ≤ 0.08
[this work] 0.04 0.045 0.052 0.042 0.047 0.055
fT (THz)
[ITRS] ≥ 1.91 ≥ 2.36 ≥ 2.88 ≥ 1.91 ≥ 2.36 ≥ 2.88
[this work] 5.8 6.01 5.47 5.51 5.94 4.83
DPI (10−10 J m−1) [ITRS] ≤ 1.6 ≤ 1.4 ≤ 1.2 ≤ 1.6 ≤ 1.4 ≤ 1.2
[this work] 1.58 1.25 0.91 1.76 1.31 0.89
FIG. 5. Transfer characteristics for different underlap:
IDS−VGS curve in (a) linear and (b) semi-logarithmic scale for
As transistors with total distance between drain and source
electrodes of 7 nm, and different underlap.
significantly when the doping is reduced. Therefore, the
doping concentration can be used as an additional pa-
rameter to optimise the device performance.
Discussion
In summary, we have provided a comprehensive anal-
ysis of 2D FET transistors based on arsenene and anti-
monene (i.e., monolayers composed of As and Sb, respec-
tively), demonstrating that these materials are promis-
ing for high-performance devices for digital applications.
Our single-valley and multi-valley upper estimates of the
mobilities in the Takagi’s approximation show that high
phonon-limited mobilities can potentially be obtained
both in monolayer As and Sb, even if ab-initio simula-
tions of the electron-phonon scattering are required to
FIG. 6. Boosting device performances by tuning
source and drain doping concentrations: IDS − VGS
curve in (a) linear and (b) semi-logarithmic scale for As tran-
sistors with LG = 5 nm and for different source and drain
doping concentrations.
obtain quantitative predictions for this quantity. This
result motivated our extensive investigation of device per-
formance using a multiscale approach, where the predic-
tive power of density-functional-theory calculations has
been incorporated into an efficient tight-binding model
using maximally-localised Wannier functions. When ex-
ploited as channel materials in field-effect transistors,
arsenene and antimonene show a performance compli-
ant with industry requirements for ultra-scaled channel
lengths below 10 nm, where the ultimate atomic thickness
of the exploited 2D materials effectively manages to sup-
press short-channel effects and tunnelling starts to play
a major role. We expect therefore that our predictions
will provide a strong motivation for further experimental
investigation of these novel materials.
7Methods
First-principles calculations – All first-principles
calculations have been performed using density-
functional theory (DFT) as implemented in the
pw.x code of the Quantum ESPRESSO v.5.1.2 dis-
tribution [27], using the PBE exchange–correlation
functional [46]. Pseudopotentials and energy cutoffs in a
plane-wave basis have been chosen using the converged
results provided in the SSSP pseudopotential library [47]
for calculations without SOC. In particular, we used
an ultrasoft pseudopotential [48] from PSLibrary [49]
with cutoffs of 40 and 320 Ry (for the expansion of the
wavefunctions and the charge density, respectively) for
As; and an ultrasoft pseudopotential from the GBRV
library [50] (with cutoffs of 50 and 400 Ry, respectively)
for Sb. For calculations including SOC we used instead
norm-conserving pseudopotentials from the Pseudo Dojo
project [51] with cutoffs of 40 and 160 Ry (for the
expansion of the wavefunctions and the charge density,
respectively) for As; and with cutoffs of 80 and 320 Ry,
respectively, for Sb. Supercells with 20 A˚ of vacuum
in the direction orthogonal to the layers have been
considered to minimise the interaction between periodic
replicas. Integrals on the Brillouin zone have been per-
formed on a 14× 14× 1 Γ−centred grid for the primitive
cell (two atoms) and on a 6× 10× 1 Γ−centred grid for
the rectangular supercell (containing four atoms). Con-
vergence on the charge density in the self-consistent loop
was considered achieved when the estimated energy error
was smaller than 1 × 10−8 meV. Structures have been
relaxed using the Broyden–Fletcher–Goldfarb–Shanno
algorithm until forces were smaller than 1 meV A˚−1.
The same parameters have been used also for relaxing
atomic positions at fixed cell for the evaluation of elastic
moduli and deformation potentials.
Wannier functions – MLWF [22, 52, 53] have been
computed using v.2.1 of the Wannier90 code [54, 55]. The
same k-grids used for the computation of the DFT charge
densities have been employed to compute the wavefunc-
tions and overlap matrices used as input to calculate
Wannier functions. The lower-energy bands have been
explicitly excluded from the calculation: with the pseu-
dopotentials we used, 2 for As and 12 for Sb in the prim-
itive cell (4 and 24, respectively, when considering ex-
plicitly the spin degeneracy), and only 6 bands (12 with
spin degeneracy) around the fundamental gap have been
considered. We have chosen p-type orbitals centred on
each atom in the cell as initial projections. Convergence
has been considered achieved when the change in the
total spread was smaller than 10−12 A˚2 for at least 20
iterations. Wannier functions have then been used to
compute band structures and density of states on denser
k−grids (400 × 700 in the rectangular cell). DFT and
Wannier calculations have been managed using the Ai-
iDA framework[28] v. 0.5.0 to manage, automate and
store in a graph database calculations, results, and com-
putational workflows (e.g., for band structure calcula-
tions, Wannierisation, effective mass evaluations).
Device simulations – The Hamiltonian expressed on
the MLWF basis set has been exploited in order to com-
pute transport within the NEGF formalism [25]. The sys-
tem is considered infinite along the zigzag direction (with
Bloch periodic boundary conditions), while the trans-
port channel is along the armchair direction. To com-
pute the currents in the device in the ballistic regime,
we have used the open-source NanoTCAD ViDES [18]
code. In particular, in order to accurately reproduce
the energy bands obtained from first-principles, up to
58 nearest-neighbours have been included in the Hamil-
tonian, and transport problems have been solved consid-
ering 30 wavevectors in the Brillouin zone and an en-
ergy step of 1 meV. For the electrostatic problem, the
two-dimensional Poisson equation has been solved, while
potential translational invariance has been considered in
the direction transversal to transport. All transport cal-
culations are performed at room temperature. In all de-
vice simulations (except where explicitly otherwise men-
tioned) a doping concentration of 3.23 × 1017 m−2 has
been considered for the source and drain contacts.
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Supplementary Information
Supplementary Note 1: Band structure of anti-
monene, and spin-orbit coupling effects
In the paper, only the band structure of arsenene has
been shown, because the band structure of antimonene
is qualitatively the same. For completeness we report
in this Supplementary Information, in Supplementary
Figure 1, the band structure of antimonene as well as
the bands interpolated using maximally-localised Wan-
nier functions. Moreover, we compare all results with
the case in which the spin-orbit coupling (SOC) has
been set to zero, showing that the SOC almost does
not change the final results for the mobilities in the con-
duction band, while it significantly affects results in the
valence (due to the splitting of the degeneracies). In
particular, in Supplementary Figure 2 we compare the
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Supplementary Figure 1. Energy bands of antimonene along
a high-symmetry path in the Brillouin zone, including spin-
orbit coupling effects. Empty circles denote the results of
a direct DFT calculation while red solid lines represent the
Wannier-interpolated bands. The zero of energy is set to the
top of the valence bands.
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Supplementary Figure 2. Wannier-interpolated energy bands
of arsenene (left panel) and antimonene (right panel) along
a high-symmetry path in the Brillouin zone, comparing the
band structure calculated including (red dashed lines) and dis-
regarding (solid black lines) spin-orbit coupling effects. The
bandgaps without SOC are 1.62 eV and 1.29 eV for As and
Sb, respectively, while the valence-band splitting due to the
SOC is 0.208 eV and 0.349 eV, respectively. The values of the
bandgaps with SOC are reported in the main text. The zero
of energy is set at the vacuum level.
(Wannier-interpolated) band structures of As and Sb, to
show the effect of the spin-orbit coupling on the electronic
bands.
Supplementary Note 2: Calculation of mobilities
We describe in detail in this Section how we calculated
the phonon-limited mobilities of the 2D systems consid-
ered in the paper.
We calculate mobilities using the Boltzmann trans-
port equation, where the relaxation time for scattering
with LA phonons is computed using deformation po-
tential theory [36] in the effective mass approximation.
For a single-valley, non-degenerate band, the reciprocal
of the scattering time with LA phonons propagating in
the β direction for the i−th band at k−point k is given
by [36, 38]:
1
τβ(i,k)
=
2pikBT (E
i
β)
2
h¯Cβ
∑
k′
δ
[
εi(k)− εi(k′)
]
(1− cos θ),
(S1)
where kB is the Boltzmann constant, E
i
β is the deforma-
tion potential of the i−th band for deformations in the β
direction, Cβ is the 2D elastic modulus for strains along
β, εi(k) is the energy of the i−th band at k, and we
are replacing for simplicity the scattering angle weight-
ing factor with (1 − cos θ) (valid for a spherical energy
surface, where θ is the angle between k and k′).
The calculation of the various coefficients is described
in the next sections. To get the value of the mobility,
though, it is easier to work out the formula in the specific
case of a 2D system. By replacing the sum over k′ with
an integral, and then passing from an integral over the
Brillouin Zone to an integral over energies, we obtain that
1
τβ
=
kBT (E
i
β)
2(m∗DOS)i
h¯3Cβ
. (S2)
Finally, the mobility µ is diagonal relative to the axes of
the effective mass of the valley of interest [56], and its
diagonal components can be obtained as
µββ = e 〈τβ〉 ·
(
1
m∗
)
ββ
(S3)
with e being the electron charge, (1/m∗) the inverse ef-
fective mass tensor, and 〈τ〉 the average scattering time
(as defined in Eq. (16) of Ref. [56]). The formula is valid
in the same reference frame in which the effective mass
tensor is diagonal. Note that in the 2D case, 〈τ〉 = τ
since there is no energy dependence.
In the case of multiple valleys or degenerate bands, the
expression for the mobility is the same of Supplementary
Equation (S3), but applies to a single valley. To under-
stand how the mobilities need to be added, it is easier to
write them in terms of the electrical conductivity σ, us-
ing the fact that the total conductivity is the sum of the
conductivities of the different channels. To do so, we no-
tice that we can write the mobility µi of Supplementary
Equation (S3) as
µi =
σi
nie
, (S4)
for each valley i contributing to the transport, where ni
is the charge in the i−th valley. Using σT =
∑
i σ
i, where
σT represents the total conductivity, we obtain therefore
for the total mobility:
µT =
∑
i µ
ini∑
i n
i
. (S5)
9Supplementary Note 3: Relevant band edges: generic
discussion
As already discussed in the paper, the bands of As and
Sb are quite similar, so the following discussion applies
to both systems, unless explicitly mentioned.
As it is visible from the band structure of the two ma-
terials (see Supplementary Figure 1, and Figure 1 in the
main paper), the relevant band edge to consider in the
conduction is the minimum along the Γ−M line. All
other conduction band edges (for instance, the minimum
at Γ or at the K point) are several hundreds of meV above
the one along Γ−M, and therefore do not contribute to
transport at room temperature for typical doping levels.
We have also verified that this condition holds at least
for a strain range between −1 and 1%. In the unstrained
case, this minimum is composed of six degenerate valleys,
along the six equivalent Γ−M lines. In the rectangular
supercell shown in blue in Supplementary Figure 3(a),
two of these lines fold along the Γ−X line, while four
fold on the Γ−S lines, as shown in Supplementary Fig-
ure 3. When a uniaxial strain is applied, the degeneracy
is lost and the six valleys split in two groups (the two
Γ−X and the four Γ−S valleys), with different deforma-
tion potentials. We also stress that in the rectangular
cell, the Γ−S line is not anymore a high-symmetry line,
so the band edge can also move out of this line. Note that,
actually, for the evaluation of the mobility we just need
the deformation potential along the two principal axes
of the effective mass, that is, we just need the values for
the Γ−X lines, both for strains along the armchair and
zigzag directions. This discussion holds both with and
without SOC.
In the valence, in the case without SOC, the only rel-
evant band edges are the two degenerate maxima at Γ
(also in this case other local maxima are further down in
energy and can be disregarded for the calculation of the
mobility). These are both single-valley maxima, but they
split when a uniaxial strain is applied because they have
different deformation potentials. When including SOC
effects, the degeneracy is split and, for realistic band fill-
ing levels (<∼ 1013 cm−2), we can limit our calculations
only to the topmost valence band, since it is the only
ones going to be filled.
Let us now compute an explicit formula for the mobil-
ities for the As and Sb monolayer systems:
Supplementary Note 4: Relevant conduction band
edges
The mass tensor of each of the 6 Γ−M valleys is non-
isotropic, with a longitudinal mass mcL along the Γ−M
direction, and a transverse mass mcT in the orthogonal di-
rection. The inverse-mass tensor in a basis set where the
Supplementary Figure 3. (a) Primitive unit cell with two
atoms (top), and rectangular supercell with four atoms (bot-
tom) used when applying strain in a given direction β. In
particular, w1 (w2) is along an armchair (zigzag) direction.
Both v1 and v2 are along zigzag directions, instead. (b) Bril-
louin zone of the primitive unit cell. The six equivalent Γ−M
lines are highlighted in red. (c) Folding of the Brillouin zone
when the 4-atom supercell is considered (light blue rotated
rectangle), and labelling of the high-symmetry points. The
six Γ−M lines of panel (b) split into four Γ−S lines (red) and
two Γ−X lines (dark blue).
first vector is along the longitudinal direction is therefore:(
1
m∗
)
ij
=
(
1
mcL
0
0 1mcT
)
. (S6)
In this basis set, the two τβ to calculate are along the lon-
gitudinal direction (corresponding to strains along the
armchair direction, see Supplementary Figure 3), and
along the transverse direction (zigzag). Therefore, sub-
stituting Supplementary Equation (S2) into Supplemen-
tary Equation (S3), the mobility tensor for a single valley,
in this basis set, will be:
µcond,i =
eh¯3
kBTmcDOS
( Carmchair
(Econdarmchair)
2mcL
0
0
Czigzag
(Econdzigzag)
2mcT
)
,
(S7)
with mcDOS being the DOS mass of a single conduction
valley.
Since the DOS effective mass is the same for each valley
and the valleys are degenerate (in the absence of strain
that splits the bands, as discussed above), all valleys have
the same population ni = n/6 and therefore the total
conductivity is simply:
µcondT =
1
6
5∑
i=0
µcond,i, (S8)
where the tensors µcond,i must, however, be rotated. We
remind here that given a tensor
(
α 0
0 β
)
in a reference
frame in which it is diagonal, its form in a frame rotated
counterclockwise by an angle θ is(
α cos2 θ + β sin2 θ (β − α) cos θ sin θ
(β − α) cos θ sin θ α sin2 θ + β cos2 θ
)
. (S9)
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Choosing the reference frame in which µcond,0 is diago-
nal, we have to sum the 6 bands, each rotated by pi3 with
respect to the previous one, and therefore
(µcondT )11 =
α
6
5∑
i=0
cos2
(
i · pi
3
)
+
β
6
5∑
i=0
sin2
(
i · pi
3
)
.
(S10)
Now
∑5
i=0 sin
2
(
i · pi3
)
= 0 + 34 +
3
4 + 0 +
3
4 +
3
4 = 3 and∑5
i=0 cos
2
(
i · pi3
)
=
∑5
i=0 1 − sin2
(
i · pi3
)
= 6 − 3 = 3,
and therefore (µcondT )11 = (µ
cond
T )22 =
α+β
2 . Similarly,
one can show that the off-diagonal contributions cancel
in pairs, and therefore the total conduction mobility is a
multiple of the identity, with value
µcondT =
eh¯3
2kBTmcDOS
(
Carmchair
(Econdarmchair)
2mcL
+
Czigzag
(Econdzigzag)
2mcT
)
.
(S11)
The fact that the µT tensor is isotropic is expected, be-
cause the system has hexagonal symmetry. Note that
averaging on all valleys is equivalent to averaging the
tensor of a single valley in all directions, as it is the case
also for cubic systems [56].
Supplementary Note 5: Relevant valence band edges
Without SOC, in the valence band we have instead two
single valleys that are degenerate at Γ, but with different
masses (and scattering times), that we can call light holes
(LH) and heavy holes (HH). We assume that both bands
are parabolic, and in this case the 2D density of states is
a step function (where the step height, occurring at the
band edge energy, is proportional to the 2D DOS effective
mass). Then, the population ni of a given band is simply
ni = D ·miDOS (S12)
where D is a constant that contains the energy differ-
ence between the chemical potential and the band edge.
(We are assuming that this energy difference is the same
for both bands, true if intraband scattering events can
quickly equilibrate the bands so that they have the same
chemical potential, and if we consider an unstrained sys-
tem so that the two LH and HH bands are degenerate at
their maximum).
Replacing this simple expression for ni in Supplemen-
tary Equations (S3) and (S5), the mobility is:
µvalβ = e·
DmLHDOSτ
LH
β
(m∗LH)β
+
DmHHDOSτ
HH
β
(m∗HH)β
D(mLHDOS +m
HH
DOS)
= e·
mLHDOSτ
LH
β
(m∗LH)β
+
mHHDOSτ
HH
β
(m∗HH)β
mvDOS
(S13)
where mvDOS is the total DOS mass in the valence. Fi-
nally, we can prove that in the valence the mobility does
not depend on the DOS mass of each of the two valleys,
but only on the total DOS mass and on the effective
Supplementary Figure 4. Vacuum-level-corrected band edges
as a function of the strain for the As monolayers. Left panel:
strain along the w1 direction (armchair). Right panel: strain
along the w2 direction (zigzag). Γval indicates the topmost
valence band at Γ, Γval-1 indicates the second valence band.
Dashed curves refer to the case without SOC, while solid
curves include SOC effects.
Supplementary Figure 5. Vacuum-level-corrected band edges
as a function of the strain for the Sb monolayers. Left panel:
strain along the w1 direction (armchair). Right panel: strain
along the w2 direction (zigzag). Γval indicates the topmost
valence band at Γ, Γval-1 indicates the second valence band.
Dashed curves refer to the case without SOC, while solid
curves include SOC effects.
masses in the transport direction. In fact, by simply
replacing Supplementary Equation (S2), one finally ob-
tains:
µvalβ [without SOC] =
eh¯3Cβ
kBT
·
1
(ELH
β
)2(m∗LH)β
+ 1
(EHH
β
)2(m∗HH)β
mvDOS
.
(S14)
When we include spin-orbit effects, we need to consider
only the topmost valence band (as already discussed),
and since the band is isotropic, we can also set its mass
m∗v = m
v
DOS. The formula then simplifies to:
µvalβ [with SOC] =
eh¯3Cβ
kBT
· 1
(ELHβ )
2(m∗v)2
. (S15)
Supplementary Note 6: Calculation of the deforma-
tion potential
The deformation potential is calculated using finite dif-
ferences starting from band energies calculated with DFT
of systems strained along the two relevant transport di-
rections (zigzag and armchair). Considering a given band
edge i (for instance the topmost valence band at Γ, or the
conduction band along the Γ−M line in As and Sb), we
can define ∆V iβ = ε
i(∆lβ)−εi(∆lβ = 0), where εi(∆lβ) is
11
the energy of the i−th band edge for a system strained in
the β direction by a quantity ∆lβ . The deformation po-
tential is then simply Eiβ = ∆V
i
β/(∆lβ/lβ,0), where lβ,0 is
the relaxed value of the lattice constant in the β direction,
in the limit of small strains ∆lβ . It is important to stress
that the band-edge energies directly extracted from DFT
calculations of different systems are ill-defined, because
the position of the vacuum level can change in each calcu-
lation. We therefore use always vacuum-level-corrected
band energies εi, obtained by defining, at each strain β,
the vacuum level as the zero of energy. The vacuum level
is obtained by calculating the averaged electrostatic po-
tential in the region of space far away from the 2D layers.
We verified that in all cases such potential is flat (within
a 0.01 meV precision) 4−5 A˚ away from the monolayers.
We also note that the primitive 2D cell (with 2 atoms per
cell) has non-orthogonal lattice vectors. In order to de-
fine strained systems in the two transport directions, we
define a rectangular cell with 4 atoms per cell, where the
two lattice vectors w1 and w2 are in the armchair and
zigzag direction respectively, as shown in Supplementary
Figure 3. Uniaxial strains are then applied to this rect-
angular supercell.
We consider 13 calculations for different, uniformly
spaced strains between −3% and 3% for each of the two β
directions, and we extract the deformation potential from
the linear coefficient of a quadratic fit of the vacuum-
level-corrected band edges, as shown in Supplementary
Figs. 4 and 5, where we report results both with and
without SOC.
Supplementary Note 7: Effective masses
We have computed the effective masses at zero strain
in the primitive unit cell; we have checked that the effec-
tive masses do not change significantly with strain. The
values (calculated as described below) are reported in Ta-
ble 1 of the main paper when including SOC effects. We
also report here, in Supplementary Table 3, the values
calculated when SOC is not included.
Also in the case of effective masses, we have to distin-
guish two cases. In the conduction band, the masses can
be calculated by a parabolic fit of the band energies along
the two directions. We have used for the fit 21 k−points
around the band minimum (at zero strain) in the longitu-
dinal and transverse directions. The DOS mass mcDOS is
instead obtained by a parabolic fit of the integrated DOS
(to take into account non-parabolicity effects). The DOS
has been calculated on a dense k−mesh using Wannier
interpolation. The conduction valleys are in a very good
approximation parabolic and indeed mcDOS ≈
√
mcLm
c
T
(see Table 1 in the main paper).
In the valence band, without SOC and in the absence
of strain we have two isotropic bands with two different
masses, named heavy hole (HH) and light hole (LH) for
Supplementary Table 1. Deformation potentials (in eV) for
the valence and conduction bands of As and Sb monolayers,
both including and disregarding spin-orbit coupling effects.
For valence bands with spin-orbit coupling, we only report the
deformation potential of the topmost valence band; in the case
without spin-orbit coupling, i = 1, 2 are defined so that i = 1
is the topmost valence band for positive strain, and i = 2 the
second highest valence band for positive strain, equivalent to
saying that we chose i = 1, 2 so that Evalβ (i = 2) < E
val
β (i =
1). Results without spin-orbit coupling are consistent with
previous calculations at the same level of theory [14].
With SOC Evalβ E
cond
β (Γ−X)
As (β = armchair) -6.243 3.815
As (β = zigzag) -6.386 -6.351
Sb (β = armchair) -5.966 3.265
Sb (β = zigzag) -6.078 -4.843
Without SOC Evalβ (i = 1) E
val
β (i = 2) E
cond
β (Γ−X)
As (β = armchair) -1.997 -10.094 3.785
As (β = zigzag) -1.922 -10.321 -6.380
Sb (β = armchair) -2.006 -9.571 3.260
Sb (β = zigzag) -1.969 -9.674 -4.895
the larger and smaller mass (in absolute value), respec-
tively. A difficulty arises when we apply some strain: in
this case, the two bands split and we need to know how
to associate the lower-energy and higher-energy valence
bands to corresponding effective mass (LH or HH). Actu-
ally, with strain the two masses become anisotropic ten-
sors. In particular, given a direction β for the strain, we
have checked that (both for As and Sb) the effective mass
obtained fitting the bands for k−points in the same di-
rection as β is HH for the bands with larger deformation
potential (smaller in absolute value, since E < 0), while
LH for the band with smaller deformation potential. In-
stead, if the k−points are taken in a direction orthogonal
to β, the two masses HH and LH are reversed. Since in
Supplementary Equation (S14) we need only the defor-
mation potential for strains along the same transport di-
rection as the effective mass components, Supplementary
Equation (S14) becomes:
µvalβ =
eh¯3Cβ
kBT
·
1
(Eβ(v,i=1))2(m∗HH)β
+ 1(Eβ(v,i=2))2(m∗LH)β
mvDOS
,
(S16)
where we have defined i = 1, 2 consistently to Supplemen-
tary Table 1, i.e., so that Eβ(v, i = 2) < Eβ(v, i = 1).
In the case with SOC, this difficulty does not arise
because the two bands do not cross.
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Supplementary Figure 6. Total energy as a function of the
uniaxial strain (when SOC effects are not included) in the
armchair (open points) and zigzag (plus symbols) direction.
Left panel: As monolayer; right panel: Sb monolayer. The
curves are the cubic fits of the data points used to obtain the
elastic moduli.
Supplementary Table 2. 2D elastic moduli of the As and
Sb monolayer systems, both including and disregarding spin-
orbit coupling effects.
S0 (A˚2) Cβ (eV A˚
−2) Cβ (eV A˚−2)
with SOC without SOC
As (β = armchair)
22.5
3.271 3.299
As (β = zigzag) 3.279 3.308
Sb (β = armchair)
29.4
1.948 2.012
Sb (β = zigzag) 1.945 2.019
Supplementary Note 8: Elastic moduli
The 2D elastic modulus in a given direction β is defined
as:
Cβ =
1
S0
∂2E∆lβ
∂(∆lβ/lβ,0)2
∣∣∣∣
∆lβ=0
, (S17)
where E∆lβ is the total energy of a system strained uni-
axially by ∆lβ/lβ,0 in the β direction, and S0 is the value
of the unstrained unit-cell surface.
The values reported in the paper are obtained from
the parabolic coefficient of a cubic fit of the total energy
as a function of strain in the [−3,+3]% range for the
four-atom supercells, shown in Supplementary Figure 6
for both materials (when SOC is included). In a hexag-
onal system the elastic tensor should be isotropic in the
plane. Indeed, apart from numerical inaccuracies, the Cβ
values are the same for both directions (see Supplemen-
tary Table 2), and do not significantly change including
or disregarding SOC.
Supplementary Note 9: Values of the mobility
Using the values of Supplementary Table 1, Table 1
(in the main paper) and Supplementary Table 2, cal-
culated as described in the previous sections, we esti-
mated the values for the mobilities at T = 300 K, in
units of cm2V−1s−1, that we report in Supplementary
Table 4. Note that since we expect that the total mobility
is isotropic, we indicate only the average value obtained
for the armchair and the zigzag directions. In any case,
Supplementary Table 3. Effective masses of the relevant
bands of arsenene and antimonene, in units of the electron
mass m0, when SOC is not included. Symbols are explained
in the text. Note that mcDOS is the effective DOS mass for
each of the 6 identical conduction band valleys, while mvDOS
represents the total effective DOS mass for the two degenerate
valence bands.
As Sb
mcDOS 0.273 0.260
mcL 0.508 0.461
mcT 0.150 0.149
mvDOS 0.554 0.523
mvHH 0.482 0.443
mvLH 0.077 0.073
Supplementary Table 4. Mobilities for arsenene and an-
timonene, estimated at T = 300 K, in units of cm2V−1s−1.
Both the values obtained with and without spin-orbit cou-
pling (SOC) are reported.
With SOC Without SOC
µval µcond µval µcond
As 1700 635 1355 622
Sb 1737 630 946 641
the values in the two directions differ (due to numerical
errors) by less than 5%.
For completeness, we also report the value of the single-
valley conduction mobility tensor, including spin-orbit
coupling effects, in a basis set where the first vector is
along the armchair direction and the second along the
zigzag one, and expressed in units of cm2V−1s−1:
µcond,iAs =
(
567 0
0 704
)
, µcond,iSb =
(
507 0
0 753
)
.
(S18)
Using the formulas above, one can also calculate the
scattering times of electrons with LA phonons, that turn
out to be (in conduction): τAsarmchair = 161 fs, τ
As
zigzag =
58 fs, τSbarmchair = 136 fs, τ
Sb
zigzag = 62 fs. Finally, in order
to estimate the mean free path, it is useful to evaluate
the Fermi velocity for electrons in the Γ−M valleys, that
for electrons along the i principal direction of the valley
is given by:
vFi =
√
2pih¯2ndop
mimDOS
, (S19)
where we have used the 2D DOS to relate the the effective
doping of the system ndop to the Fermi energy, and where
mi indicates the effective mass in the i direction. As a
reference value, for a doping of nDOP = 5 · 1013 cm−2,
we obtain for As: vFL = 0.55 nm fs
−1, vFT = 1.01 nm fs
−1,
while for Sb: vFL = 0.60 nm fs
−1, vFT = 1.04 nm fs
−1.
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Supplementary Figure 7. |IDS|− |VGS| curve in (a) linear and
(b) semi-logarithmic scale for As n-MOS and p-MOS transis-
tors and a gate length of LG=7 nm. Sb FETs show a similar
behaviour and are not shown here.
Supplementary Note 10: n-MOS and p-MOS Field
Effect Transistors
In order to span the whole device parameter space and
optimise the device performances, we compare the I −V
curves of n-MOS and p-MOS devices in Supplementary
Figure 7, in the case of a As device with LG = 7 nm
(similar results are obtained for Sb FETs).
As it can be seen, the n-MOS device shows larger cur-
rents and better SS as compared to the p-type device. For
this reason, in the main text we decided to focus on n-
MOSFETs only, in order to obtain the best performance
against Industry requirements.
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